Herein, a macrolide immunosuppressive drug, tacrolimus, was selected as a model compound that can easily form the sodium adduct ion derived from the ESI process in the positive-ion mode. 19, 20 In this report, an on-line ISP technique is described as a simple and new way to eliminate alkali metal ion adducts derived from the positive-ion ESI process. 
Introduction
High-performance liquid chromatography (HPLC) coupled with an electrospray ionization mass spectrometric (ESI-MS) method is a proven technique for the quantitative determination of drugs in biological matrices. Generally, ESI-MS results in protonated molecules, [M+H] + , in the positive-ion mode; however, for some molecules the formation of alkali metal ion adducts, like [M+Na] + or [M+K] + , instead of proton addition are often observed. When the process is not controlled, facile adduct formation can lead to large variations and unreliable results during the quantitative method development of drugs with LC/ESI-MS. 1, 2 Modulating the temperature or voltage for the ESI condition is insufficient to completely suppress the formation of alkali metal ion adducts. 3 Neubauer and Anderegg reported that the addition of sodium acetate to the HPLC mobile phase during an LC/ESI-MS experiment encourages the formation of sodium adduct ions. 4 Jemal et al. demonstrated that a rugged LC/ESI-MS bioanalytical method can be developed by utilizing an electrospray-generated sodium-ion adduct of the analyte for selected-ion monitoring. 3 Wujcik and Kadar showed the utility of the sodium adduct as a means to enhance the stability of sulopenem prodrug in both in-source collision-induced dissociation (CID) and thermolysis. 5 However, the non-volatile nature of a sodium buffer makes it unsuitable to be used with LC/ESI-MS methods. Although Li and coworkers reported that the summation of the proton, ammonium and sodium ion adducts could provide more reproducible results for the quantification of ginkgolides or bilobalide, 1 the addition of the responses of the different MS/MS traces complicates matters when performing selective reaction monitoring (SRM). 2 In addition, the summation approach assumes that the response factor for all adduct ions is equal.
Stefansson et al. demonstrated that primary alkylamines as additives to the electrosprayed solution were effective for inhibiting the sodium adduction for model compounds, such as artemisinin. 6 Furthermore, Zhao et al., 7 Mortier et al., 2 and Karnes' group 8, 9 reported the same usefulness of alkylamines for simvastatin, paclitaxel, and docetaxel, respectively. Teshima et al. investigated an application of 1-alkylamines for quantitative analysis using LC/ESI-MS, [10] [11] [12] while other chemicals have been studied as well. 13, 14 The aforementioned mobile-phase additive is useful for regulating the multimer and improving the sensitivity of detection. 15 On the other hand, another approach is to completely exclude alkali metal ions from the HPLC mobile phase. This seems to be quite laborious due to an ubiquitous presence of sodium, often originating from the glassware, stainless-steel, and/or as impurity in chemicals or solvents, even when being ultra pure, thoroughly deionized water is used. 6 We have recently examined the mass spectra of the electrochemical oxidation products of nifedipine so as to improve the sensitivity using electrochemistry/ESI-MS coupled with an ion suppressor (ISP) device. It was found that the sodium ion adduct of nifedipine was eliminated with ISP, even though the intensity of the sodium ion adduct was relatively low compared to the protonated molecule in the mass spectra without ISP. 16 Huber and coworkers demonstrated that on-line cation-exchange resins with triethylammonium ions were useful for suppressing the sodium adduct formation of oligonucleotides in negative-ion ESI-MS.
The effects of an on-line ion suppressor device on alkali metal ion adduct formations of the model compound tacrolimus were investigated. The base peak ion in the positive ion ESI-MS spectrum of tacrolimus was a sodium ion adduct, 
Notes

Experimental
Materials and sample solutions
Tacrolimus (FK506, Fig. 1 ) was provided by Astellas Pharma Inc.
HPLC-grade methanol was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). House deionized water was further purified by a Milli-Q water purifying system consisting of Elix 5UV and Gradient A10 (Millipore Corporation, Bedford, MA). A stock solution of tacrolimus at a concentration of 0.5 mg/mL was prepared by dissolving the drug in methanol. The stock solution was further diluted with methanol to give a final concentration of 10 μg/mL.
Instrumentation and experimental conditions
The HPLC instrument used was an Agilent 1100 Series (Agilent, Palo Alto, CA), consisting of a binary pump and a vacuum degasser. The solution of tacrolimus at a concentration of 10 μg/mL, delivered by a syringe pump with a 250-μL syringe (Unimetrics, Sohorewood, IL) at a flow rate of 5 μL/min, was mixed through a T-piece with an HPLC effluent that contained 50% (v/v) of methanol in water, as shown in Fig. 2 . The mobile-phase flow rate was set at 0.2 mL/min. A suppressor module of an ion chromatography (IC) system IC-2001 (Tosoh, Tokyo, Japan) was used as an ion-suppressor (ISP) device with a cation-exchange resin (TSKsuppress IC-A from Tosoh, 200 μm diameter, 1.7 equiv/L). 21 The resin for suppression was conditioned with water according to the instructions for use in the instrument manual. The tacrolimus in the HPLC effluent through the ISP device was introduced directly into the ion-trap mass spectrometer LCQ deca equipped with an ESI interface (Thermo Fisher Scientific Inc., San Jose, CA).
The positive-ion mode of ESI-MS was used for all measurements. The heated capillary was set at 330 C, and the spray voltage was kept at 4.5 kV. The sheath gas flow (N2) and auxiliary gas flow (N2) were set to 75 and 10 arbitrary pressure units, respectively.
Capillary and lens voltages were systematically optimized for the sodium or ammonium ion adduct of tacrolimus using autotune. Full mass spectra were acquired in the 200 -1000 m/z range. The CID was then used to acquire the product ion spectra using helium as a collision gas in the ion trap. The CID energy was set at 34% for the sodium ion adduct at m/z 826.4 as a precursor ion with a width of 2, or the ammonium ion adduct at m/z 821.2 as a precursor ion with a width of 3.5. The results were processed using the Xcalibur ® Ver. 2.0 (Thermo Fisher) software package. All spectra presented are raw data, and have not been subjected to smoothing, filtering, a background correction, or other manipulative procedures.
Results and Discussion
Effect of ISP on alkaline ion adduct formation of tacrolimus
The positive ion ESI mass spectrum of tacrolimus is given in Fig. 3a + (m/z 842) were present at low intensity; however, no protonated tacrolimus [M+H] + at m/z 804 was detected. The formation of these adducts indicate the ubiquitous presence of alkali metal ions, like sodium, often originating from the glassware, stainless-steel, and/or as impurity in chemicals or solvents, 2 even though no sodium, potassium, and ammonium ions were added to the standard solution of tacrolimus and the HPLC mobile phase. Furthermore, it is difficult to completely exclude all contaminant ions from water. As shown in Fig. 1 , tacrolimus, a 23-membered macrolide antibiotic, has plenty of oxygen atoms in its chemical structure, which enables it to form alkali metal ion adducts facilely. A quantitative assay of tacrolimus using the sodium ion adduct has been reported as its factual evidence. 19, 20 We therefore selected tacrolimus as a model compound to examine the effect of ISP on alkali metal ion adduct formation. The IC-2001 system used in this report had a suppressor device, which contained an ion-exchange suppressor resin and a switching valve to utilize fresh resin with each run. 21 Ito has presented the on-line use of the suppressor device to remove an ion-pair reagent in the mobile phase in order to develop a sensitive LC/MS method for the determination of nicotine and its metabolites in human serum. 22 The positive ion ESI mass spectrum of tacrolimus with the on-line ISP device is given in Fig. 3b . In its full-scan mass spectrum, the ammonium ion adduct, + ions were eliminated in the mass spectrum with ISP (Fig. 3b) . The formation of [M+NH4] + in the mass spectrum with ISP indicates that the cation-exchange suppressor resin was not able to remove the ammonium ion completely due to its weak basicity (NH3 + H +  NH4 + ). One target ion related to an analyte is preferred to prevent unreliable variations from changing the ratio of the ion intensity among adduct ions by sample matrices and LC/MS conditions. Successful attempts for LC/ESI-MS assay development of tacrolimus have been made to replace all adducts by one desired adduct ion with alkali metal ions or primary alkylamines when adduct ion formation is observed. [23] [24] [25] [26] The mass spectra of tacrolimus with the on-line ISP revealed that this elimination technique for alkali metal ion adducts formed in the ESI process was a simple method, similar to mobile-phase additives.
Difference of MS/MS product ion spectra with and without ISP
A major fragment ion [M+Na-(e:f)] + at m/z 616 was observed besides + (m/z 808) and other weak ions in the CID spectrum of [M+Na] + (m/z 826) without ISP (Fig. 4a) . On the other hand, the fragment ion [M+H-2H2O] + at m/z 768 was the major ion in the CID spectrum of [M+NH4] + (m/z 821), which was the base peak ion in the full-scan mass spectrum with ISP (Fig. 4b) . These fragmentations were consistent with the data published by Tozuka (Fig. 1) . 27 Fragments in the CID spectra of the sodium ion adduct kept to have a strong affinity for the sodium ion. The ion intensity of the product ion at m/z 768 with ISP was about two-fold stronger than that at m/z 616 without ISP.
The results indicate that the on-line ISP technique can be useful for improving the sensitivity of the LC/ESI-MS/MS assay for drugs. Sodium ion adducts are not suitable for MS/MS detection of some drugs because of their poor fragmentation, though they can be helpful in determining the molecular weight of unknown analytes. The LC/ESI-MS/MS with on-line ISP would, therefore, be an advantageous method for elucidating the structure of drug metabolites if the new fragment ion is obtained from the precursor ion besides the alkali metal ion adducts.
Conclusions
We have demonstrated that the combination of an on-line ion suppressor with ESI-MS is a simple and effective technique to eliminate undesirable alkali metal ion adduct formation in the positive-ion mode. In addition, we speculate that the information on new product ions from a non-alkali metal ion adduct would be useful for developing a sensitive LC/ESI-MS/MS assay. Although adduct formation is compound and instrument dependent, we believe that our experimental approach and results can be helpful for other drugs and metabolites susceptible to adduct formation.
